The measurement of the g-factor of the electron bound in a hydrogen-like ion is a high-accuracy test of the theory of quantum electrodynamics (QED) in strong fields. Here we report on the measurement of the g-factor of the bound electron in hydrogen-like oxygen ( 16 O 7+ ). In our experiment a single highly charged ion is stored in a Penning trap. The electronic spin state of the ion is monitored via the continuous Stern-Gerlach effect in a quantum nondemolition measurement. Quantum jumps between the two spin states (spin up and spin down) are induced by a microwave field at the spin precession frequency of the bound electron. The g-factor of the bound electron is obtained by varying the microwave frequency and counting the number of spin flips. The comparison of our experimental values for the g-factor of the bound electron with the theoretical values shows excellent agreement and confirms the recent non-perturbative QED calculations.
Introduction
Quantum electrodynamics (QED) as the fundamental theory of interaction between matter and radiation has been tested in a variety of systems and with no exception has proven its validity. One of the most impressive investigations in the domain of low electric field strength is that on the g-factor of the free electron which is related to its magnetic moment µ by
where s is the spin of the electron (±1/2) and µ B = eh 2mc is the Bohr magneton. The g-factor of the electron was measured with high accuracy by Dehmelt and co-workers [1] and agrees to 12 significant digits with QED calculations [2] .
The electric field experienced by an electron bound in the ground state of a hydrogen-like system ranges from about 10 9 V cm −1 in atomic hydrogen up to more than 10 16 V cm −1 in hydrogen-like uranium U 91+ . Highly charged ions are of particular interest since they provide the only way to investigate QED in the region of high electric fields. Up to now, experiments have been performed on the ground-state Lamb shift of hydrogen-like gold [3] and uranium [4] [5] [6] , on the 2p 1/2 -2s 1/2 level splitting in several lithium-like ions [7] [8] [9] , and on the ground-state hyperfine-structure splitting of a number of hydrogen-like ions [9] [10] [11] [12] [13] [14] [15] . With the planned HITRAP facility at GSI [16] , it will become possible to trap a single hydrogen-like ion (up to U 91+ ) and to investigate its g-factor, which is another important characteristic in bound-state QED investigations.
Theoretical aspects
For the case of the g-factor of the bound electron there are several effects which have to be considered in addition to the g-factor of the free electron [17] . The most prominent one is the transition from the spin s to the total angular momentum j of the electron for systems with zero nuclear spin. Only this total angular momentum of an atom is an observable, and therefore only the g-factor related to it can be measured. Without considering any QED effects, the Dirac equation yields g = (1 + 2 1 − (Z α) 2 ) for an electron in the ground state of a hydrogen-like system with nuclear charge number Z , instead of the value of g = 2 predicted for the free electron [18] . Here, α denotes the fine-structure constant. Also the QED contributions themselves change due to binding. For high Z , the binding to the nucleus must not be considered as a perturbation in the electron propagators. It has to be taken into account to all orders in the expansion parameter Z α. This and the resulting mathematical difficulties form the major difference from the common QED of free particles and light ions [19] . For the g-factor, calculations within the framework of bound-state QED were performed by Blundell et al [20] , Persson et al [21] , Beier et al [22, 23] , and Yerokhin et al [24] where the precision of the calculations reached a level of 10 −10 in the last work. In addition to these pure QED contributions, properties of the nucleus itself also have to be considered, i.e., nuclear size (see [25] and references therein), nuclear internal structure ('nuclear polarization'), which is non-negligible for heavy systems [26] , and the nuclear mass. Due to the relativistic nature of the problem, for the nuclear mass a simple separation into centreof-mass and relativistic coordinates is not sufficient (the recoil effect). Instead, a treatment within the full framework of QED is required which to all orders in Z α was first carried out by Shabaev [27] with numerical results obtained by Shabaev and Yerokhin [28] .
The current total level of precision of these calculations amounts to a few times 10 −10 for the region of carbon and oxygen and still about 10 −7 for uranium. An experiment carried out on hydrogen-like carbon ( 12 C 5+ ) [29] yielded an experimental precision of 2.5 × 10 −9 and proved to be the most precise QED investigation in any multiply charged system so far. By comparing experiment and theory, even a fourfold-improved value of the mass of the electron could be derived [30] . In this contribution, we report on the progress of our measurements on hydrogen-like oxygen (
O
7+ ) where all bound-state effects (QED and nuclear) are considerably increased (by almost a factor of 2) compared to the case for carbon. Table 1 , taken from [24] , lists the calculated contributions to the g-factor of 16 O 7+ and one arrives at a total value of g = 2.000 047 0202(6). Although not approaching the high-Z region which will be accessible after the realization of the HITRAP project at GSI, any precise experiment forms another milestone towards very accurate QED investigations in the strong electromagnetic fields of highly charged ions. 2.000 047 0202 (6) 3. g-factor experiment
Penning trap
Experimentally we use the same double-trap technique as was applied in our measurements on carbon 12 C 5+ [29, [31] [32] [33] . A single hydrogen-like oxygen ion 16 O 7+ is confined in a cylindrical Penning trap at a magnetic field strength of 3.8 T. The inner diameter of the trap is 7 mm. Potentials applied to compensation electrodes which are placed between the ring and end-cap electrodes make the trapping potential harmonic:
ion confined in this potential oscillates harmonically in the axial direction at a frequency ω z of typically 2π × 369 kHz depending on the trap voltage. In the radial plane the ion motion is a superposition of the modified cyclotron motion at frequency ω + (about 2π × 25 MHz) and a slow drift around the trap centre (magnetron motion, ω − ≈ 2π ×17 kHz). The ion is resistively cooled close to the ambient temperature of 4 K by keeping its oscillation frequencies ω + and ω z at the resonance frequencies of high-Q resonance circuits attached to the trap electrodes. The trapped ion is monitored by the currents induced in the trap electrodes by its oscillation in the confining potential (figure 1). The magnetic field at the ion's position is determined through the cyclotron frequency ω c which can be calculated from the three measured ion oscillation frequencies using the relation [34] 
The determination of the g-factor results from a measurement of the spin precession frequency ω L (Larmor frequency) which is related to the g-factor byhω L = gµ B B. Using the relation ω c = q M B, with q the charge state and M the mass of the ion, the g-factor can be calculated from the ratio of the two measured frequencies:
where m e is the electron's mass. The required masses m e and M have been accurately measured by Van Dyck et al and Pritchard et al (see [35] [36] [37] [38] [39] ).
Continuous Stern-Gerlach effect
To measure the Larmor precession frequency ω L of the bound electron in 16 O 7+ , we use the 'continuous Stern-Gerlach effect', introduced by Dehmelt in the g-factor measurement of the free electron in a Penning trap and successfully applied to an atomic ion for the first time by Hermanspahn et al [33] . An inhomogeneous magnetic field component, produced by a nickel ring electrode of our trap, is superimposed on the homogeneous trapping field. This couples the motional frequencies of the trapped ion to the electronic spin direction, and a change in the spin direction leads to a shift of the axial frequency of the ion. The magnetic field can be expressed in a series expansion:
Odd terms vanish in the expansion because of mirror symmetry with respect to the central plane. The size of the B 2 -term determines the size of the axial frequency shift upon change in the spin direction but, as shown below, the B 4 -term can also play a significant role. In our case B 2 is 10 mT mm −2 . The 369 kHz axial oscillation frequency of an 16 O 7+ ion in a potential well of 2 V depth shifts by 0.46 Hz when the spin direction is changed. Using a high-Q superconducting circuit this frequency difference can be measured as shown in figure 2. Inducing spin transitions by a microwave field, which is irradiated into the trap, and monitoring the axial frequency leads to two distinctly different axial frequencies from which the spin direction can be unambiguously derived (figure 3). The averaging time for determining the axial oscillation frequency with sufficient precision, as shown in figures 2 and 3, is 1.5 min. In fact in only 5% of the attempts could we not decide between spin flips and frequency fluctuations, and those events were discarded from our analysis.
Double-trap technique
The high accuracy in our determination of the g-factor has become possible by using a doubletrap technique [29] . The determination of the spin direction is performed in a potential minimum of our arrangement of electrodes in which the magnetic field is made inhomogeneous as mentioned above ('analysis trap'). Spin transitions are induced at a different position about 3 cm away, in which the magnetic field is spatially homogeneous ('precision trap'). The ion is transported between the two potential minima by variation of the voltages applied to the different electrodes. The transport time (≈1 s) is slow compared to all ion oscillation frequencies. While the ion is in the precision trap we detect the voltage signal induced in a segmented compensation electrode by the ion's motion in order to determine the magnetic field strength at its position (figure 1). The feature that the excitation of spin-flip transitions and the measurement of the B-field take place simultaneously ensures that fluctuations in the magnetic field strength are cancelled in the ratio of the two frequencies, ω L /ω c , to a high degree. In our present set-up we cannot determine the modified cyclotron frequency ω + directly when the ion is resistively cooled close to 4 K since the induced signal in the trap electrodes is too small. In order to obtain a detectable signal in the precision trap, we apply to the ion a driving field of frequency ω + with defined amplitude and duration. This field excites the cyclotron orbit to an average kinetic energy of ∼3 eV (40 000 K). The energy can be calibrated by means of the shift of the axial frequency ω z with respect to its value at 4 K. This excitation of the cyclotron motion introduces the largest part of our error budget: at a distance of 3 cm from our analysis trap, the magnetic field in our precision trap still has some residual quadratic inhomogeneity which has been measured to be B 2 = 8 µT mm −2 , about three orders of magnitude smaller than in the analysis trap. Therefore the measured frequency ω + depends slightly on the size of the ion's cyclotron orbit. In order to correct for the corresponding change in the measured g-factor, we determine the probability of inducing a spin flip for a given frequency ratio ω L /ω c also as a function of the actual cyclotron energy, and extrapolate to zero energy.
Measurement cycle
In detail, each cycle in an attempt to induce a spin-flip transition has the following sequence. We start with the ion in the analysis trap. The axial frequency (at 369 kHz) of the 16 O 7+ ion is measured, and the spin direction is determined by means of the continuous SternGerlach effect as shown in figure 3 , where the spin direction can clearly be determined (up or down) after observing two consecutive axial frequency jumps of about 0.46 Hz. Then the ion is transferred into the precision trap. Here in the first step the cyclotron motion is excited by a 1 s long radio-frequency pulse of 100 Hz spectral width centred around the modified cyclotron frequency at 25 MHz, and the axial frequency ω z,1 (at 925 kHz) is determined. Then the cyclotron frequency ω + is measured for about 1 min. During this time, microwaves are irradiated into the trap which attempt to change the electron's spin direction via an induced magnetic dipole transition. At our B-field strength of about 3.8 T, the microwave frequency is at 105 GHz. After the end of this period, the axial frequency is measured again: ω z,2 . We take the average value ω z = (ω z,1 + ω z,2 )/2 as the corresponding axial frequency at the time when ω + was measured. The magnetron frequency ω − has been measured beforehand. Since ω − represents only a small contribution to ω c , it is determined only once per day because small variations are completely negligible. After the end of the irradiation and measurement period in the precision trap, we resistively cool the cyclotron motion back to its original value. Then the ion is transported back into the analysis trap. By irradiation with a microwave field and measurements of the axial frequency in the analysis trap, it is determined whether its spin direction has been changed during its time in the precision trap for a given ratio ω L /ω c . Repeating this procedure many times results in a certain probability for successfully induced spin flips. When we plot this probability for different values of ω L /ω c , we obtain a Larmor resonance curve as shown in figure 4 .
The ω L /ω c resonance was least-squares fitted by a Gaussian. The fractional full width at half-maximum is 10 −8 and the centre can be determined to about 10 −9 . We grouped all spin-flip events into four bins according to their cyclotron energy E + and extrapolated linearly to E + = 0. In the measurement we took care that the maximum spin-flip probability did not exceed 30% by proper adjustment of the microwave power. Too high microwave power would broaden the line.
Influence of magnetic field inhomogeneities
Fluctuations in the excitation and cooling process of the cyclotron motion in the precision trap may lead to variations in the cyclotron energy of the ion after the transport back to the analysis trap. The axial frequency of the ion in the analysis trap depends on the cyclotron energy due to the interaction of the orbital magnetic moment of the cyclotron motion with the magnetic inhomogeneity, mainly the component B 2 z 2 . In the analysis trap, a cyclotron energy of 1 meV causes an axial frequency shift of 1.1 Hz. A histogram of the energy distribution of a single 16 O 7+ ion, which was obtained in a series of subsequent measurements after an ion was moved from the precision trap into the analysis trap, clearly shows a Boltzmann distribution (figure 5). In the sense of the ergodic theorem (time average for a single particle versus ensemble average for many particles), a 'temperature' can be assigned in this case even to a single particle.
Moreover, not only the axial frequency but also the harmonicity of the axial motion in the analysis trap depend on the cyclotron energy of the 16 O 7+ ion. If the inhomogeneous magnetic field could be completely described by a quadratic dependence on the coordinates, this would not influence the harmonicity of the axial motion. However, it has been experimentally observed that the optimum potentials at the compensation electrodes, which are required to make the axial motion harmonic, depend on the cyclotron energy of the ion. This effect is caused by the finite size of higher-order components in the series expansion of the magnetic field (equation (3)), particularly the term B 4 z 4 . Such a variation of the anharmonicity of the axial motion arising from cyclotron energy fluctuations can be avoided by tuning the potentials at the compensation electrodes of the analysis trap according to the cyclotron energy of the trapped ion. This procedure improved our sensitivity for the detection of spin flips. We have measured the dependence of the optimum potential at the compensation electrodes as a function of the cyclotron energy, and we found very good agreement with the dependence which is theoretically expected from the geometry of the nickel ring electrode in the analysis trap (B 4 = −1 mT mm −4 ); see figure 6.
Conclusions
The extrapolation of the measured values for ω L /ω c to zero cyclotron energy makes it possible to determine the ratio of Larmor and cyclotron frequencies with an accuracy of about 1 ppb. The error is mainly determined by the uncertainty of the extrapolation to zero energy. Using the value for the electron mass from the CODATA compilation [35, 36] and the atomic mass of oxygen [37] [38] [39] , we obtain a value for the electron g-factor in hydrogen-like oxygen 16 O
7+
with an accuracy of about 3 ppb, limited by the knowledge of the electron's mass. Table 1 , taken from [24] , lists the different theoretical contributions to the g-factor in 16 O 7+ , resulting in g = 2.000 047 0202(6). Our experimental g-factor is in agreement with the theoretical value and will be published after final data analysis. Alternatively, comparing the theoretical value for the g-factor of hydrogen-like oxygen 16 O 7+ with the experimental result and using equation (2) yields a value for the electron's mass in atomic units. We performed such an evaluation for hydrogen-like carbon 12 C 5+ and obtained a new value for the electron's mass of m = 0.000 548 579 9093(3) [30] . The same evaluation technique will be applied to our data on the g-factor of the bound electron in hydrogen-like oxygen 16 O 7+ . Our experiments on light hydrogen-like ions have demonstrated that the application of the continuous Stern-Gerlach effect for g-factor measurements on highly charged ions is universal in the sense that electronic g-factors of many ions, and also multi-electron systems, can be determined with high accuracy without significant change of our experimental procedure. In the future this will allow for a systematic investigation of highly charged ions in order to check bound-state QED calculations also for systems having higher nuclear charge up to uranium U 91+ , where the QED contributions become larger and can be tested to a high level of significance.
